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When Government drawings, specifications, or other data are used for any
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Government may have formulated, furnished,. or in any way supplied the
said drawings, specifications, or other data, is not to be regarded by
implication or otherwise or in any manner licenslngthe holder or any
other person or corporation, or conveying any rights or permission to
manufacture, use, or sell any patented invention that may in any way be
related thereto.
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7 SECTIOMf 1

"INTRODUCTION

In predicting rocket nozzle performance and analyzing Arc Plasma

Generator (APG) data, the heat and mass transfer coefficient must be defined.

In the past, the heat transfer coefficient has been calculated within

Aerotherm by some boundary layer integral codes such as ARGEIBL (Reference 1)

or BLIMP (Reference 2). Both of these computer codes assume that the boundary

,, / * layer develops on a smooth wall. It has been shown (see Reference 3) that

\ surface roughness developed in rocket nozzle and APG environments can cause
\, / , substantial heat transfer augmentation. To account for this and other

boundary layer effects, the Momentum/Energy Integral Technique (MEIT) computer

program has been developed.

*t Tlhe MEIT methodology was originally developed to predict nosetip

i ablation on reentry vehicles. This methodology has been validated for

reentry environment and is currently an important part of the ASC code

(Reference 4). The methodology employed 1y MELT solves both the integral

momentum and energy equations. In addition, it utilizes heat transfer and

skin friction laws based on the most recent roughness heating and friction

data.

MEIT was developed from ASC by extracting all the subroutines that are

related to the boundary layer calculation. Any nonapplicable subroutines,

unnecessary variables and common block variables were deleted and a driver

routine was written to read in all the required input. To tailor it for

, . rocket nozzle applications, the input and output formats were modified so
that they are compatible with the usage requirements of rocket nozzle designers.

5
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MEIT was verified by comparing solutions to solutions generated by

ARGEIBL and BLIMP. Solutions from the TBL code (Reference 5) which is

developed by Pratt and Whitney Aircraft Company, were also used. Both

smooth and rough wall solutions were considered in the MElT checkout. Like

ARGEIBL and other integral techniques, the heat transfer coefficient

generated by MElT must be decreased by 25 percent.

In Section 2, a brief description of the MEIT methodology is presented.

This is followed by the verification of MElT in Section 3. Section 4 provides

the input and output formats and Section 5 presents two sample problems. A

listing of the program is given in Section 6.

I
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SECTION 2

NEIT METHODOLOGY

The MEIT methodology was criginally developed to predict nosetip

ablation in reentry vehicles. A detailed Jescription of the methodology is

given in Reference 6. Only the essential information will be presented in

Section 2.

The MWIT methodology solves both the boundary layer integral momentum

and energy equation. The requited input are surface shape, boundary layer

edge conditions, boundary layer gas properties and wall conditions (see

Section 4). To solve these two equations, the local shape factor , recovery

factor, Stanton number and friction coefficient must be defined. The effects

of surface roughness, transpiration, atceleration, ane boundary layer

properties are taken into account in tems of influence coefficients. These

Influence coefficients are included in the formulation of both the local

Stanton number and friction coefficient. The solution procedure is carried

out by an implicit -finite difference schene. Although MElT is designed

primarily for rocket nozzle environment, which consists of turbulent flow;

both laminar and transitional flow situations are also included.

In Section 2.1, the basic equations are presented. This is followed ...

by the formulation of local shape factor, recovery factor, Stanton number,

and friction coefficient in Section 2.2 The solution procedure is described

in Section 2.3.

2.1 BASIC EQUATIONS

The two boundary layer integral equations solved by MElT are;

7



Integral momentum equation

I d Cf (pv)wUe He !
rp eu is (r;,euee) T -- -ds-() + 11e e Pe e ue(i

Integral energy equatlon

I d h. -) h (o•;w,':',,, erPeU ht~e- ds (rpeue(hte e hw))M Ch (•ht:e ) h pv/ e -- h-)) (2)

tee hWPie tehe-

Wmere the momentum and energy thicknesses are respectively:

O"

*: ~ u f *** u. ) dy (3)

f (h t~ h hti (4)

The boundary layer shape factor, H, is defined at:

6' (5)

where 5*, the displacement thickness is given by:

6. f(I u;.) dy (6)

0

The total enthalpy at the boundary layer edge is defined by

t,e u-h e (7)

8
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w:hile the recovery enthalpy is given by

h = he + FC-• (8)

where F is the recovery factor.

The heat transfer rate and skin friction are related to the Stanton

number and friction coefficient respectively by:

Cf

Tw = PeU (9)

q = PeUeCp (hr - hw) (10)

In order to facilitate the solutions of equations (1) and (2), besides

the required input of surface shape, bou-,dary layer edge conditions, boundary

layer gas properties, and wall conditions, the local shape factor, recovery

factor, Stanton number and friction coefficient have to be formulated.

2.2 SHAPE FACTOR, RECOVERY FACTOR, STANTON NUMBER AND FRICTION COEFFICIENT

The shape and recovery factors are evaluated in MEIT by the follow-

ing relations.

For laminar flow:

T
wIlz = 3.029 T - 0.614 (11)

Fz = Pr½ (12)

For turbulent flow:
T

I1t = 2.285 (1 + 3. 2 e-n) T- - 0.96 (13)
e

1/3
Ft = Pr (14)

where n, the turbulent velocity profile exponent, is given by:

0.37 + z.n Re0

n 1479 in Re0  (15)

9



The friction coefficient and the Stanton number are evaluated by

the basic wall shear and heat flux laws respectively. Both of these laws

are based on incompressible flow along a smooth, isothermal, impervious,

flat plate. The friction coefficient and Stanton number are:

for laminar flow

S0.245 (16)

Ree

C 0.22 (17)
I Pr'A Re0

And for turbulent flow

Cf t o 0.245 + 0.0123 Re (log Re ) (18)

Re- 100 + Re 10

S0.22 + 0.0123 Re (l glORe ) '1- (19)

Ch't'°o" P'r •-R•e PrO (100 + Ret)

In order to account for the various boundary layer effetts, the

Stanton number and friction coefficient given above are modified by the

corresponding influence coefficients:

z
Cx,y Cx,y,o n Ixqyqz for x h,f (20)

y L,t

The influence coefficients are shown by Ix'y~ z where the subscripts

x and y indicate whether the influence coefficient pertains to heat or

1 omentum transfer (x - h or f) and laminar or turbulent flow (y - I or t),

respectively. The subscript z indicates the type of phenomenon for which

the basic laws are being modified.

Four phenomena are considered by MEIT. These phenomena and their

corresponding z-sub~cripts are given in Teble 1. The influence coefficients

corresponding to each of these effects are formulated below.

10



TABLE 1

Phenomena z-subscript of influence

coefficient

acceleration B

transpiration 
B'

boundary layer properties p

. roughness r

V, Acceleration

In laminar flow, If,ete ( + 38), B >0

If, 1.0,

lh,t,B *(I + 4 8 )I, B > 0

Ih,1,B = 1.0, 0 < 0

- - du
where: B - Ue •

S

11 J re2 dsof Pe e er

In turbulent flow, only the first terms of the appropriate basic

turbulent laws are modified by the above influence coefficients.

Transpiration

Blowing effects are modeled with adaptations to film theory

(Reference 7).

• 11
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, n(1 + 2X h ,y RIB')

'h,y,B' 2Ah,y R 'B'Y = L,t

.fyB n(l + 2Xf~ y R'RB') y = Lt
S2•~~f,yR'B

where: R Chc, = Reynolds Analogy Factor

R' Mass to heat transfer coefficient ratio

x Blowing reduction parameter.

R is a dependent variable which is evaluated during the solution

process. Both R' and ýx,y are input (see Section 4). MEIT, however, does

provide build-in default values for Xx,y. These default values are:

xh,1 - Af, - 0.5

Ah,t = f,t U 0.35

Boundary Layer Properties

Boundary layer properties of density, viscosity, and Prandtl number
are evaluated at the reference enthalpy h'

hi = ahe + bhr + chw

The property influence coefficients are:

d e ),yx =fh; y•-L,t

where the constants a, b, c, d, and e for all combinations of x and y are

given in Table 2.

12
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TABLE 2

Constants Used to Evaluate Property Influence Coefficients

Property Constant
influence

coefficients a b c d e

f t 0.23 0.19 0.58 0 0

htqp 0.23 0.19 0.58 1 1

If,t,p 0.36 0.19 0.45 1 0.25

.h,t,p 0.36 0.19 0.45 1 0.25

Surface Roughness

In laminal flow,

'h,t,r 'f,t,r 1

In turbulent flow, the influence coefficient due to surface rough-

ness is based on correlations from PANT and Stanford heat transfer data

-. (Reference 8 and 9) , as well as Stanford and NSWC friction data (Refer-

ence 9 and 10). The turbulent influence coefficients due to roughness
are:

1f,t,r • 1 +'0.5 f(k/e) g(X)

Ih,t,r 1 + 0.3 f(k/e) 9(X)

where: f(k/e) = 1 + 0.09 (k/e) + 0.53 (1-e-k/)

S(X) X+ 1.5 (1-ex) for X > 0

• 0 for X <.0

X log k

13
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/ K+ = PeUek lie Pw

Pe Pw

Cft,s - smooth wall friction coefficient given by equation (19)

k = surface roughness

k is input either as function of material or location (see Section 4).

The above formulations for H, F, Ch. Cfk are only for laminar and

turbulent flows. To evaluate these four parameters for transitional flow
the following relation is used:

P 0 (1-f) Pi + fPt (21)

where P is one of the four parameters above and f is the transitional
intermittency factor.

The transitional intermittency employed in MEIT is based on the
Swork of Persh (Reference 11), and according to the interpretation of Dahm

j (Reference 12).

f I
"Re2 (Cft - Cft)

where "Re2 (Cf,t - Cf,ltr

and the subscript tr refers to conditions at the transition point.
f is set to zero in laminar flow, unity in turbulent flow, and

varies between 0 and 1 in transitional flow.

--This completes the formulation of the four required parameters used
in the solutions of equations (1) and (2).

*11
.7/
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2.3 SOLUTIONS OF BOUNDARY LAYER INTEGRAL EQUATIONS

As mentioned above, the required input to MEIT are surface shape,

boundary layer edge conditions, boundary layer gas properties, and wall

conditions. These quantities are input in terms of body points. A finer

grid in terms of integration points, which include all the body points,

-: is generated by the program to ensure adequate solution accuracy of the

integral equations. The boundary layer edge conditions, gas properties
t and wall conditions at each integration point are obtained by linear inter-

polation from the input. The solution procedures of the boundary layer

integral equations (1) and (2) consist of:

0 start-up series solutions at the first three integration points

* finite difference numerical solutions for the rest of the

integration points

The solutions at the first integration point are given by:

1 0.245 v, (1 + RI 1 ) z

(3 + H) due f9ll f z

01 C

The solutions at the second and third integration point are related

to the first integration point by:

* /"

- el (1 +a*2)

1 " #1 (1 +b*2)

I15!.1
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13 + H1  + a 0.659 (3 + HI) a (y-l) . (H1-0.614) a (y-l)

4here: Y Y8 + 2HI

3a 1 2 x 0.659 a (y-1) 2 (l-F,)(l+B') a(y-1)]
b (1 -TW 1 ) - -

S=S/R ref

1 - (p3 /P l )

and a-

In tve above formulation, Rref is an arbitrary constant radius and

y is the isentropic exponent. The subscripts I and 3 denote the first and

third integration point condition respectively.

The solutions of the first three integration points were originally

derived for reentry nosetip ablation prediction, and consider the first

integration point to be a stagnation point. In MEIT, these solutions serve

only as the start up procedure and should be ignored in the output.

For the rest of the integration points, the following implicit

finite difference scheme is used:

F = F +O5 ,I + ',I+ )(Sl - s_) x = f,h

where: Ff = r peue2e (see Equation (1))

Fh = r p eue (ht,e - h w) (see Equation (2))

F' = dFf
ds

dFh

16



I is the integration point index and Fi and F• are both evaluated

Ifrom equation (1) and (2) respectively.
Since the values of FxI depend on Fx 1,, the solution is obtained

"by iteration. This iteration is local because closure Is obtained at each
integration point before proceeding down the body to the next integration

point. Convergence is based on changes of less than 0.1 percent in both

the heat and momentum transfer coefficients between successive iterations.

If the iteration fails tq converge in 30 tries, a local explicit solution
\..\. is obtained by setting F• F•, .1and subsequently reevaluating F,1

based on the resulting value of FxI, before proceeding to tne next

Integration point.

* 1!

17

- . ~~~-~~- * --. . . ..------.- -



SECTION 3

/ VERIFICATION OF MEIT

I. Three computer program= were used in the check out of MEIT. These

three codes are:

, ARGEIBL

e BLIMP

e TBL

Both ARGEIBL and BLIMP have no provisions to account for surface

roughness. ARGEIBL solves only the ei..rgy integral equation and the heat

transfer coefficients it calculates are routinely multiplied by 0.75 to

. improve their accuracy. BLIMP uses an exact implicit technique to solve

the boundary layer differential conservation equations. The solution from
- BLIMP is believed to be the most accurate of these codes and was used as

the primary criterion to determine the validity of MEIT in the check out.
TBL is developed by Pratt and Whitney Aircraft Company and, like MEIT, it
uses both the momentum and energy integral equations to calculate the

Stanton number. It also has build-in routines to account for surface

roughness.

* / The che'k out is performed by generating and comparing heat transfer

coefficients for two typical rocket nozzle enfronments using these four

computer codes. The selected rocket nozzle environments are the Aerojet MX

upper stage and the C/CAN nozzle. The results of the check out and the

conclusions and recommandations are summarized below.

3.1 AEROJET MX UPPER STAGE NOZZLE

An analysis of the Aerojet MX upper stage nozzle by BLIMP, ARGEIBL,

and MEIT as used to validate MElT. The geometry of the nozzle is shown

18
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in Figure 1. A listing of the nozzle wall coordinates is given in Table 3.
The nozzle has a 3.146-inch radius throat a~id It uses a PEG/FEFO propellant.

The elemental composition of the propellant and the associated chamber
"- .conditions are given in Table 4. All this information was obtained from

Reference 13. The edge conditions were calculated by the ACE code

(Refererce 14), and the results in terms of edge pressure, temperature,
enthalpy, and velocity are presented in Figure 2. The nozzle radius is

plotted as a function of stream length in Figure 3. A wall temperature

X of 5500°R was used in all the following calculations.

Smooth wall solutions were obtained using MEIT, ARGEIBL, and BLIMP,
and the heat transfer coefficients from these solutions are compared in

Figure 4. The MEIT and ARGEIBL solutions are very close to each other for
regions downstream of the throat. Both of these solutions are high com-

pared to BLIMP results. As mentioned above, the ARGEIBL solution must be

reduced by a 0.75 factor to accurately predict the heat transfer coeffi-

dcent. Using 0.75 as the modifier, the modified MEIT and ARGEIBL 3olutions

are again compared to the BLIMP solution in Figure 5. From this figure, it

can be seen that both the reduced MEIT and ARGEIBL solutions compare much

better with the BLIMP solution. This shows that MEIT, like ARGEIBL, re-
V - quires a modifier of 0.75.

For the unblown, smooth wall and turbulent flow calculations (as in
// -the above case) it can be shown from Section l and Reference 1 that MEIT

is solving the same Energy Integral Equation as in ARGEIBL (i.e., for this

case the "xoentum Integral Equation does not enter into the solution pro-
cess). It is therefore of interest to find out the reasons for the dif-

ference In the MEIT and ARGEIBL heat transfer coefficient solutions. The
chief reason is the different formulation for the local Stanton number in

the two codes. In MEIT, the local Stanton number is given by equation (19)

Ch~t~o - 0.22 + 0.0123 Ree (log ReV-l.6]

Pril (100 + Re.)

and modified by the influence coefficients due to acceleration and boundary
layer properties. In ARGEIBL, the Stanton number is defined by:

* I,

"'\ " .... 19!

",\ / i41



C3

RE

0ca

20



TABLE 3. WALL COORDINATES OF THE AEROJET MX UPPER STAGE NOZZLE

X, IN. Y. IN.

-4.00 5.40 NOSE CAP

-3.89 4.96

-3.72 4.67

-3.51 4.44

-3.30 4.25

-3.04 4.02
-2.76 3.83

02.38 3.65

02.08 3.52

-1.70 3.39

-1.32 3.30
-0.94 3.22

-0.58 3.19

-0.20 3.147

0 3.146 THROAT

0.165 3.149

0.411 3.164

0.657 3.19
1.06 3.271.45 3.38

1.99 3.588

2.36 3.78

3.62 4.54

7.53 6.64

10.32 7.95

14.89 9.87

20.43 .,.93

25.,J 13.5

30.60 15.2

38.60 17.5 EXIT

21
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TABLE 4. PEG/FEFO PROPELLANT DATA

PCH".1ER 0 102. ATM

TCHAMBER ' 6912. OR

ELEMENTAL COMPOSITION

ELEMENT GM4 ATOMS100 GPA

H 2.39527

C 1.13509

If 1.79248

0 2.27887

F 0.07275

Al 0.6P-563

Cl 0.07071

22
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SCh . 0.0130
Cp

(Prr)$' ReV'4

where the subscript ' denotes properties evaluated at the reference enthalpy.

k , Other reasons are differences in the subroutines built in each code.
These are the following:

e ARGEIBL uses the trapezoidal rule to calculate the numerical

integration whereas MElT uses an averaging technique.

- ARGEIBL uses a cubic curve fit to Interpolate the required
properties whereas MEIT uses a linear interpolation.

To check if MEIT is indeed solving the same energy integral equation
as in ARGEIBL for the unblown, smooth wall and turbulent flow calculation,
the Stanton number formulation in MElT was replaced by the ARGEIBL formula-
tion, and a solution was obtained using this new 'ARGEIBL-MEIT' code. The
heat transfer coefficients from this calculation are again compared to those
given by ARGEIBL in Figure 6. The two solutions compare very well in the

nose cap region and the differences in other locations are basically due to
S-' [, the different inherent routines mentioned above.

In order to check the surface roughness formulation, a rough wall

solution was generated by MEIT. A roughness height of 2 mil was used
- .throughout the nozzle. The roughness augmentation from this calculation

is compared to those given in Reference 15 in Figure 7. The results from
Referenceo 15 are based on local energy thickness and conditions given by the
smooth wall BLIMP solution and were hand-calculated using the MElT surface
roughness formulation. Figure 7 shows that these two solutions compare very
well with each other. The higher values given by Reference 15 are mainly
due to the use of smooth wall momettum thicknesses in the hand calculation.
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3.2 C/CAN NOZZLE

The C/CAN nozzle is used primarily to compare the rough wall so]u'-

tions generated by MEIT and TBL. The geometry of the nozzle is shown in

Figure 8. A listing of the wall coordinates of the nozzle is given in

Table 5. The nozzle has a throat radius of 0.960 inch and uses a HT 90/18

propellant. The elemental composition of the propellant and the chamber

conditions are given in Table 6. The above information was obtained from

Reference 16. The edge conditions were again calculated by ACE and are

presented in Figure 9. The nozzle radius vs. stream length plot is given in

Figure 10 and the wall temperature is assumed to be 49390R.

Both smooth and rough wall calculations were performed by MEIT

Smooth and rough wall solutions generated by TBL were furnished to Aero-

therm by Atlantic Research Corporation (Reference 16). The rough wall

calculations were based on a roughness height of 2 mil. The solutions are

compared in Figure 11. For the smooth wall case, the MEIT and TBL solutions

are almost identical. For the rough wall case, MEIT predicts lower heat

transfer coefficients than TBL except for locations just downstream of the

combustion chamber. According to Reference 16, the TBL solutions, like

those generated by ARGEIBL, are normally modified by modifying factors to

make them compatible with measured values. These modifying factors are
/'

7 developed from actual motor firing data. However, since there were no fir-

ing data available at the time of the check out, the question of whether

MEIT or TBL is more accurate in rough wall prediction cannot be answered
at this time.

"Reference 16 also indicates that the roughness modelling in TBL

would not approach the smooth wall modelling when the surface roughness is

reduced. To make sure that this is not the case for MEIT, an additional

MEIT calculation was performed using a roughness height of 0.01 mil. The

results are exactly the same as the smooth wall solutions shown in Figure

11. This indicates that MEIT is self-consistent.

3.3 CONCLUSIONS AND RECOC1ENDATIONS

The findings and conclusions based on the above discussion are

summarized below:
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TABLE 5. WALL COORDINATES OF THE CMCAN NOZZLE

X, IN. Y, IN.

-2.25 2.12 NOSE CAP

-2.20 1.836

-2.0 1.526

-1.85 1.410

-1.50 1.252

-1.10 1.114

-0.80 1.041

-0.54 0.991

-0.30 0.971

-0.10 0.961

"0.0 0.960 THROAT

0.10 0.961

0.20 0.965

0.40 0.980

0.60 1.005

0.80 1.041

1.20 1.141

1.70 1.275

2.45 1.475

3.45 1.743

4.45 2.011

5.70 2.346

/!--
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TABLE 6. HT 90/18 PROPELLANT DATA

/ .> PChamber " 68.027 ati

STCha r u 6627.6 *R

Hchalber = - 812.70 Btu/lbm

ELEMENTAL COMPOSITION:

El t Gm Atoms

H 3.4976

SC .6936

"N .6177

t 0 2.4857

Al .6671

I Cl .6128

- }:
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IV

* For nonblown smooth wall and turbulent flow, both MEIT and

ARGEIBL solve the same energy integral equation.

0 Using the BLIMP solution as the criterion and a modifying fac-

tor of 0.75, the modified MEIT solution is better than the
modified ARGEIBL solution.

* MEIT and TBL predict essentially the same heat transfer coeffi-

cient for smooh wall calculation.

0 For rough wall calculation, MEIT predicts a lower heat transfer

coefficient than T9L except in regions immediately downstream

of the combustion chamber.

* MEIT is self-consistent in its roughness modelling.

The recommendations are:

* For both smooth and rough wall calculations, a factor of 0.75

should be used to modify the heat transfer coefficient generated

by MEIT.

* Experiments or analyses should be conducted to deduce the heat

transfer coefficient from actual motor firing data to check the

validity of the surface roughness modelling in MEIT.

* A technique needs to be devised to evaluate nozzle material

roughnesses for input into MELT.

,., When there is no firing data to modify the TBL heat transfer

coefficient, the MElT solution modofied by a 0.75 factor should

be used for rough wall predictions.
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SECTION 4

DESCRIPTIONS OF INPUT AND OUTPUT

This section provides detailed user oriented input instructions and

a description of the output. The input instructions are presented in
Section 4.1 and the output features are covered in Section 4.2.

4.1 INPUT INSTRUCTIONS

The program input consists of three card sets:

1. General program constants and transition information

2. Surface shape, boundary layer edge and wall conditions

3. Boundary layer gas properties

The description of these three card sets is given below.

Card Set 1 - Control Cards

This card set is made up of three cards which provide general pro-

gram constants and transition information. The four blowing reduction
parameters, Xx,y, which are used to calculate the blowing influence coef-

fients (see Section 2.2), are also included in this card set
/

Card
No. Column Format Data Unit

1"1 I1 NSM - No. of material, up to 3 allow!-

2 11 IROUGH - Roughness height input flag
0 - Input as function of material

(see below)
1 - Input as function of location

(see Card Set 2)
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rCard

No. Column Format Data Unit
* 3-10 F8.5 CMH - Mass to heat transfer coefficient

ratio, default value = 1.0
11-20 FIO.5 GA12 - Isentropic exponent, default value

- 1.2
* 2 1-10 F1O.5 BTS - Af,t, default value 0.5

11-20 F1O.5 BTH - Ah,t, default value -0.5
21-30 FlO.5 BLS - Xf 11 default value - 0.35

31-40 FlO.5 BLH - Xhl. default value 0.35

41-50 F10.5 RUFL - Surface roughness height as func- mil
tion of material, input only if
IROUGH a 0

Repeat card 2 for each material (number of cards equals NSM).

2 + NSM 1-2 12 NS - No. of body points (maximum 60)

2-4 12 IBRUPT - Abrupt transition flag
0 - laminar and transitional flow

- 1- fully turbulentiflow.

8-6 12 NREYCR - Transition flag
0,7 - all turbulent;
1 - all laminar
4 - transitional

7-8 12 IPRNT - Output print flag
1 - Detailed output at body point
2 - Detailed output at integration

0point

9-12 Blank
13-22 DLTRAN - Axial location at which transition

takes place, input only if NREYCR - 4 in

Card Set 2 - Body Point Data

This card set is made up of nine subsets and they provide the sur-
face sharp, edge and wall condition information to the program. The nine

subsets are:

e IMAT - Material index, default value I 1

* ZSP -Axial well coordinates (in.)

39
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0 RSP - radial wall coordinates (in)

e PE - Edge pressure (atm)

e HE - Edge enthalpy (Btu/lbm)

* UE - Edge velocity (ft/sec)

* TSP - Wall temperature (OR)

* BPSP - Blowing parameter = (PV)W/PeUe

e RUF2 - Surface roughness height (mil)
RUF2 is input only if IROUGH -1 (see Card Set 2).

The nine subsets are input in the above order. Each of these sub-
sets has NS entries and each entry corresponds to a point on the heated
surface of the body. The input format of all the subsets are F10.3 except
IMAT which uses an input format of 110. The values of each subset are

entered eight to a card. Since the solution for the first body point is
based on stagnation conditions (see Section 2), it is recommended that the

first entry in the velocity subset (UE) be zero.

Card Set 3 - Gas Property Tables

The gas property table provides the thermodynamic and transport
properties of the boundary layer gas. This table is divided into sub-

tables based on pressure. Within each pressure subtable, they are ordered
either on temperature or enthalpy. If they are ordered nn temperature,
the same temperature array must be used for all other pressure subtables.

The same is true for the enthalpy entries if the properties are input as
functions of enthalpy and pressure.

Card
No. Column Format Data Unit

- ._-1 - 1-3 . 13 IPMAX - No. of pressure entries (maximum 21)

4-6 13 IHMAX - No. of temperature or enthalpy
entries (maximum 35)

7-12 13 LTB - Temperature enthalpy flag0- Properties input, as functions of

pressure and enthalpy
7- Properties input as functions of

pressure and temperature

40
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Card
No. Column Format Data Unit

2 1-10 F1O.3 PT - Pressure atm

.3 to II'IAX + 2

1-12 E12.4 HT - Enthalpy Btu/lbm

13-24 E12.4 TEMT - Temperature OR
25-36 E12.4 EMT - Molecular weight

S37-60 Blank
61-72 E12.4 ET - Viscosity lbm/ft-sec
73-80 F8.4 GT - Prandtl No.

Cards 3 to IHMAX + 2 are repeated until the total number of pressures
is equal to IPMAX. Note the pressure, enthalpy, and temperature entries must
be input in ascending order.

4.2 OUTPUT DESCRIPTION

MEIT output can be divided into three categories. These are:

0 Output of Input

S." Output of Calculation Results

Se Debug Output

The descriptions of each of these output are given below.

c(utput of Input

The program output begins with the output of the input. This output
is made up of three parts:

"a General program information

* Thermodynamic table

* General input information table

The general program information prints out the program constants
contained in the first three input cards. These include mass to heat trans-
fer coefficient ratio, isentropic exponent, the four blowing reduction
parameters, and transition information. The FORTRAN names corresponding to

41
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these variables are given in Section 4.1. The thermodynamic table tabulates

the thermodynamic and transient properties of the boundary layer gas as

functions of oressure. This table is self-explanatory. The general input

information table gives the surface shape, boundary layer edge conditions

and wall conditions. The variables printed in this table, their FORTRAN

names and definitions are listed below:

BODY PT NO (J)

Index of the body points

INFEG PT NO (1)

Index of the integration point for which the computed parameters

are printed

- MATL NO (MATL)

Material index.

- STREAM LENGTH, inch (S)

Stream length along the heated surface from the initial point

to the integration points

- AXIAL LENGTH, inch (Z)

Axial coordinate of the integration points with respect to the

initial point

RADIAL LENGTH, inch (R)

Radial coordinate of the integration points with respect to the

centerline

- BODY ANGLE, degees (THETB)

Angle which the tangent to the surface makes with respect to the

centerline

- NORMALIZED ABLATION RATE (BPSP)

Normalized ablation rate B' at the wall

B'1 (Pv)w
A L PeUeCM

- WALL TEMP, *R (TW)

Temperature of the wall

42
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./ - SURFACE ROUGHNESS, mil (RUFMIL)

Surface roughness height of the wall material

PRESSURE, atm (PE)

Edge pressure of the boundary layer

- ENTHALPY, Btu/lbm (el)
Edge enthalpy of th- boundary layer

- ViLOCITY, ft/sec (C-)

Edge velocity of the boundary layer

Output of Calculation Results

7 The results of the code calculations are printed out in three tables.

SThese three tables are:

1. Viscous Flow - Edge Properties

2. Viscous Flow - Wall and B. L. Recovery Properties

3. Viscous Flow - Boundary Layer Solution

The variables printed in each table, their FORTRAN names and defini-

tions are listed below.

1. Viscous Flow - Edge Properties Table

- BODY PT NO (J)

Index of the body points

S- INTEG PT NO (1)f Index of the integration point for which the computed parameters
I are printed

S- STREAM LENGTH, inch (S)

Stream-length along the heated surface -from the initial point to

the integration points

VELOCITY, ft/sec (UE)

Velocity at the edge of the boundary layer

- MACHNO(HCAM)
Mach number at the edge of the boundary layer
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.1.' - ENTHALPY, Btu/lbm (HE)

Ehthalpy at the edge of the boundary layer

- TEMPERATURE, OR (TE)
Temperature at the edge of the boundary layer

- DENSITY, Ibm/ft3 (ROE)

Density at the edge of the boundary layer

N L - VISCOSITY, Ibm/ft-sec (VISE)

Viscosity at the edge of the boundary layer

S- UNIT RE NO, 1/ft (URE)

Unit Reynolds number at the edge of the boundary layer

Note that the Mach number given in this table is valid only if

there are no condensed species in the freestream.

2. Viscous Flow - Wall and B.L. Recovery Properties Table

r- BODY PT NO (J)

Index of the body points

-! INTEG PT NO (L)
Index of the integration point for which the computer parameters

are printed

- STREAM LENGTH, inch (S)
11 Stream length along the heated surface from the initial point to

the integration points

- WALL TEMPERATURE, OR (TW)

Temperature at the wall

- WALL ENTHALPY, Btu/Ibm (HW)

Enthalpy of gas at wall temperature and pressure

- WALL DENSITY, lbm/ft 3 (ROW)

Density of gas at wall temperature and pressure

- WALL VISCOSITY, Ibm/ft-sec (VISW)

Viscosity of gas at wall temperature and pressure

44
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- RECOVERY ENTHALPY, Btu/lbm (HR)

f - Recovery enthalpy defined by hr he +F(hthe)

RECOVERY FACTOR (RECOV)
Re r1/2 for laminar flowRecovery Factor defined by F Pr, n 1/3 for turbulent flow

SENSBL CONV HEAT FLUX, Btu/ft 2 sec

Sensible convective heat flux defined by w = PeUeCH (hr -- hw)

I - CF/2

Function coefficient Cf/2 Tw/(peUe2)

* 3. Viscous Flow - Boundary Layer Solution Table

- BOOY PT NO (J)

Index of the body points

S- INTEG PT NO (I)

Index of the integration point for which the computed parameters

are printed

- STREAM LENGTH, inch (S)

Stream length along the heated surface from the stagnation point

to the integration points

-- MOMENTUM THICKNESS, ail (THE)

-Momentum thickness 8 of the boundary layer

- - ENERGY THICKNESS, mil (PHI)

Energy thickness * o, the boundary layer

- SHAPE FACTOR (HSF)

Boundary layer shape factor, H =- o*/e

where 6i* B 6 ( .-puN) dy is the boundary layer displacement thickness.

-- M NOM THICK RE NO (RETH)

.-Reynolds number based on the momentum thickness, Re8 -

* 45
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ENERGY THICK RE NO (REPH) PeUe€

Reynolds number based on the energy thickness, Re =Pe

S- HEAT TRANS COEFFICIENT, lbm/ftsec (RUCH)
Heat transfer coefficient, PeUeCh = &/(hr - h )

where Ch is the Stanton number and qw is the wall heat flux

REYNOLDS ANAL FAC (RAF)

Reynolds analogy factor Ch/(Cf/2)

INTERMITTENCY (ADML)

Boundary layer intermittency factor f, where 0 < f < I for flow

ranging from fully laminar to fully turbulent regime

_ HEAT TRANS AUGMENT (RUFSMT)

Heat transfer augmentation due to surface roughness, this

quantity is equivalent to the roughness influence coefficient

As mentioned in Section 2, the solutions for the first three integration

points are only for start up purpose. These solutions should be ignored

in the output.

Debug Output

There are four error messages output by HEIT. The error messages

and their meanings are given below.

- ******** Wrong Pressure Input Ordering

Theý pressure entries in the boundary layer gas properties table

are not in ascending order.

- * Wrong Temperature/Enthalpy Input Ordering

The temperature or enthalpy entries in the boundary layer gas

properties table are not in ascending order.-

- ** Input Temperature/Enthalpy Error

The corresponding temperature or enthalpy entries In the boundary
layer gas properties table are not the same for different pres-

sure entries.

46
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Computation of MEIT equations did not converge at Point I.

The MEIT calculations at Integration Point I did not converge

after 30 tries.

There are also other debug output built in MEIT. However, since
these output are only useful to the very sophisticated users who are inti-

mately familiar with the program logic, they are not described here.

47
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SECTION 5

SAMPLE PROBLEMS

Presented in this section are two sample problems which were run

on a Univac 1108 Digital Computer. For each sample prcbleu, the following

is presented:

* A brief description of the nature of the pr,!,lem and solution.

s A listing of the input data deck.

* A listing of the output.

Sample Problem 1

This is a smooth wall calculation for the Aerojet MX upper stage

nozzle with a PEG/FEFO propellant. The details of this system were

described in Section 3. A total of 21 body points were Input. The wall

temperature was assumed to be 5500*R. A IPRNT 1 option was used which

printed out only the body point solutions.

48
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Sample Problem 2

A rough wall calculation for the C/CAN nozzle with a HT 90/18 propellant

was performed. The details of this system were given in Section 3. Fifty-

six body points were input. The surface roughness and the wall temperature

used in this calculation are 2 mil and 4939*R respectively. Solutions at

all the integration points were printed (1PRKr=2).
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ISection 6. Program Listing
A listing of the Fortran source deck is given in this section. The commuon
block and block data are presented first, the driver routine which is the
main program is given next, followed by all the subroutines in the program.
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COP46LK

PC I CONR*~ PROC
I COMMON &CON$?/

3 * ALMAX9 ALMINt OLEXINOLTIIN.OLTRANUSHANG.HJNCTNHZEROTIATM,
4 e ISRUPT.ICARU. IFL6@9olHMAK. ILo IPrMAXo IPRFL69I0 RN~t IRON*
5 * IRSTRT,!SNFLS.ISS. JLo LB. LLo RAIN. NAM# NCLv

0 %OHCALoMOSLO9 NPRTSLNRETCRNSHTBLvNTFIX* WRUNT. NTMUSR*OX*
? 0 01. PRO RNS. ISIOC9 &PMTC. STRDo THETAt TRNTIIR.;-AX*

0 Z IIDCloZSTA61.
9 S AGLAW~eI ALCLE5SI. ALTIGOD. ~'"4603 DGLAW(S) SIH431.

10 S ilLS(3). *TH4ES). 515(5). :t'.;W(31# C,4OSTT4601,CAqHIS).
11 * CZI(5O). OEL(15) OGLAWN's' OR)%¶5O0l519OPI(501o CGLAW431t

1* ENCT(35#2114ET(35#.I11 FS .-il(55)v FLPT(2X).PLTT(35.2l)#

13 * G61155.lI) "rots) ~ .. HT(351. JROUGH(3)tXH,415o5,5)9
14 * NEROOCIS)e fe"I" ' .NLO5.S,5).~NNATI5o.I5IoNMGI

3I. NPR(31t

15 w PAISSI. Fke..us.eOI. PSITIBOI. P1(11). RCCORO(I6)oRCESO30.
16 S 404013)9 RUPUSI.o RUFMAXES). RUFuS).t 561(501. TAISO)o

17 S T5FPI1,5@).TCHMCREISSSITCP(30.3)qTCRT(35t11).TEPI3C309SITFOS1t
pS S TbOZEBO.5I. TIRTI*SI. TIRUSR(250I.TKPEB0O5),TLRCE1950)*T!I6E5*5It

19 * TPRIS5*31 TPSTRES@)o ITPEBO,5)o TTSEI90)v, VCLf4BO)v XE5Ibt

to * SOIFEBSI. XZNIT(S@I. XPNTSL46o).yt25)9 YoIFti-S)s uINdITu90
as COMMON /ENVR/

*22 0 ALTIN~eARACM. Ale A20 CORA$* DEN@ ouozO fMuTa, CPW?.Ia* * cat SARI. SAMI. HCTAUGoHTZ. "to HI. '%XX INOSE.
24 S KSNOLD.LCT* LIT. NOUTRN*NPGCNVthTt NTS. W4 ?. P12.
as 35 P1. Pa. REYCR. RN. ROTl. Role R02. $I*' ICoSTAANo
126 0 TOTAGPeT129 H TI. 72 U~i. VISTI. VlSI. Vi. VI.

a? 0 AORLEISO). ALENICNOlaSOBCAEZSO,,SCTP41SO)i OP(lSO.. '.ORGCEDl5O).
as 0 CICCEIS@). 0003(1501t ENTRAII501 MCAM(150)o NE45Io) 14R(15OI.
29 * H48P4515@ IEW~lbOl. IPT11SO). MATLIISU). PCE4!0o) PCPIE1500.
so 4 PHII501S@ atISO). RAF4lSO)o REPNEXSGI. RCTHIISO)v ROC(15O).

31 0 ROUC115019 NOW41501o RUCH4ISO). RUF4lSO). RUFSMT(l51SO). l501t
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34 0 VIUWIASOI. XS4ECE1SO). IIAR1I5@). YSNC415019 2(150k. ZSIOEO(25@I.
35 a ZSPENO4250)
36 COMMON /AEC$/
S? 0 Cl. OPARI1.OTM. IUSER. NT. NINU. NP60 "$I S6o

30 0 TIINNU.TIMCP. 16. YR.
39 0 *LCNfG@.I).UPSPEBO). CMDXEBOI. CMFXIBO). OCLKCESO)o OFIFES0O)
40 0 OPART16O). EFFPKIOI* CROOIEBO). F114019 PYwEBO). SIRRIBO.
1#1 0 MRSPEBO). 1M(t551 IL1E0619 INAT4BO.I5),IR4381* NSE&Oo3)#
42 aI PRESP16SI. uz4s04811 iPliO460 ASPNUIGOI. RUCHSP(fiOI.SOOT(601v
*3 0 IOOICEBO). VSPGI). SAAY14019 TANFMCB). THETS(GOW.SPiSO)

44 * VINPEBO). Z11609819 ZSP(E@)t ZSPP4UtBO)
45 COMMON /CONO/

- * -- * ANGLE*. OL.IC. DLT. -OLTS. -FIKLN.-NCNOO KLI KLF. KNAX.
47 S ISTART*NOEJT* QOOTRN.SOO1MNo.TRN. TERRA* TERMS* TCRMqCo
%a D OLTAA(GS).OORES@I. NRCEGIO.I5).W1B@). T15092519 TIWXESO)t
1#9 5TIES@.15)9 X8SIS@,1v) TUEB@.151

PC 51 COMNUTO PROC
52 common / UNITS I

*53 e AIR.o S70. BTUCAL.CRPT* OCGFRo OCGRK. OCNN209CINNICtELOFT5.
so 0 ENCTtR9CNICMRRCNRP FT* FTPYIL. P11. SC. P:. P102.
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